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ABSTRACT
Selective vascular irradiation enables the critical examination of the vasculature and its
role in the onset of late radiation effects. It is a novel approach to expose the endothelial cells to
much higher levels of ionizing radiation relative to normal cells by utilizing the boron neutron
capture reaction. When boron-containing compounds are restricted to the lumen of the blood
vessel, the resulting high-LET alpha and lithium particles cannot deposit their energy in the
normal cells beyond the vasculature after the target is exposed to thermal neutrons. This allows
for a 2- to 3-fold increase in the calculated dose to the endothelial cells. However, this technique
has been criticized because there is no direct evidence that the endothelial cells receive an
absorbed dose from the selective vascular irradiation. The objective of this work is to provide
corroborating experimental evidence that selective vascular irradiation physically damages the
endothelial cells.
An established assay utilizing blood-brain barrier disruption was adopted to quantify the
radiation damage to the endothelial cells in female BALB/C mice, 8-12 weeks of age. A dye that
attaches to the plasma proteins in the blood and that is ordinarily kept out of the brain by the
blood-brain barrier is injected into the blood supply before the irradiation, and following
irradiation, damage to the vasculature will result in disruption of the blood-brain barrier that
allows blood stained with the dye to enter the brain. After sacrificing, the blood in the vessel
lumen is cleared by performing a trans-cardiac perfusion, and the brain is homogenized and
prepared for analysis. The absorbance of the resulting supemrnatant of each brain sample is
measured with a spectrophotometer at the optimal wavelength of the dye. The absorbance is
related to the quantity of blood that leaked through the blood-brain barrier, which is also related
to the damage caused to the vasculature from exposure to ionizing radiation.
Increased leakage through the blood-brain barrier was observed for those mice exposed to
selective vascular irradiation, indicating a direct relationship between the leakage through the
blood-brain barrier and the loB concentration in the blood. The most significant increase in the
leakage through the blood-brain barrier (p<0.002) was observed at the highest lOB concentration
in the blood (161 ppm). The compound biological effectiveness (CBE) for sulfhydryl borane
(BSH) was calculated to be 0.28, which is consistent with the published value of the CBE for
BSH in the rat spinal cord. This suggests that the assumptions used for calculating the absorbed
doses for selective vascular irradiation are reasonable and approximate to what the endothelial
cells receive.
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Chapter 1
Introduction
Radiation effects on normal cells in the human body are well-established and have
been extensively studied since shortly after the discovery of x-rays by the German
physicist Wilhelm Conrad R6entgen in 1895. The target of importance for producing
radiation effects is deoxyribonucleic acid (DNA), located within the nucleus. As ionizing
radiation traverses tissue, it imparts energy to the surrounding environment. Charged
particles, such as alpha particles and beta particles, are categorized as directly ionizing,
meaning that these particles can produce chemical and biological changes by directly
damaging the DNA (Hall 2000). Neutrons and photons, including both x-rays and
gamma rays, are categorized as indirectly ionizing. This is because these forms of
radiation interact with atoms to produce charged particles that are set in motion and
deposit energy to damage DNA. Typically, free radicals are created after photons
interact with electrons, and secondary charged particles are created after neutrons interact
with nuclei (Hall 2000). Each type of ionizing radiation deposits its energy along a track
as it interacts in the surrounding environment. The amount of energy deposited per unit
length of the track is referred to as the linear energy transfer (LET). Alpha particles and
neutrons are characterized as being high-LET particles, and beta particles and photons are
characterized as being low-LET particles. Consequently, the degree to which each form
of ionizing radiation affects normal cells varies dependent upon their respective linear
energy transfer. High-LET particles can inflict greater damage along a given track
compared to low-LET particles because they deposit a greater amount of energy;
however, high-LET particles generally traverse a much shorter distance than low-LET
particles.
Radiation effects are classified as either early effects or late effects with the
distinction between the two classifications depending upon the time for the radiation
effect to present itself after tissue exposure to ionizing radiation. Traditionally, the onset
of early and late effects is attributed to cell death or insult, which is provoked by damage
to DNA from energy deposition. However, cell death may not be the result of an actual
energy deposition from the radiation itself. Although cell death is certainly a dominant
factor contributing to radiation effects, other mechanisms have been proposed and are
being investigated. Recent advances in biology have demonstrated that cells use gene
expression changes to produce signaling molecules as a means to communicate and
influence other cells in their microenvironment throughout the latent period between
radiation exposure and the expression of the late effects. In light of this development, the
question has arisen how these changes in gene expression exhibited by normal cells
influence the onset of radiation effects, particularly late effects. One hypothesis suggests
that the vasculature and its changes in gene expression may play a significant role in the
occurrence of late effects. To test this hypothesis, a new tool referred to as selective
vascular irradiation has been recently developed.
1.1 Selective Vascular Irradiation
In order to gain a better understanding of the mechanisms leading to the onset of
late effects, it would be ideal to separately irradiate the various cellular components in
vivo, particularly the vasculature. However, the interwoven nature of the vasculature
with normal cells throughout the body does not make this completely feasible. External
radiation fields, which are utilized almost exclusively for the exposure of samples, have a
uniform distribution whether they are comprised of photons, neutrons, or charged
particles. In addition, ionizing radiation cannot distinguish between the individual cell
populations. Thus, everything in the external radiation field is exposed to the same levels
of ionizing radiation.
Selective vascular irradiation is a novel approach to expose the endothelial cells in
the vasculature to much higher levels of ionizing radiation relative to the normal cells in
the body. This technique incorporates the boron neutron capture reaction in which short-
ranged (5-9 gim), high-LET alpha and lithium particles are released from the neutron
capture reaction in the stable minor isotope of boron, o1 B. For example, when selective
vascular irradiation is applied to the central nervous system (CNS) and boron-containing
compounds-except for p-boronophenylalanine (BPA)--are introduced into the blood
supply, the boron-containing compounds remain within the lumen of the vasculature in
the CNS due to the blood-brain barrier. Since the reaction products are high-LET
particles, they will only traverse a very short distance such that they cannot deposit their
energy in the normal cells beyond the vasculature. This allows for only the endothelial
cells to be irradiated by the resulting alpha and lithium particles following the interaction
of the neutrons with boron when the sample is exposed to an external radiation field of
neutrons. Meanwhile, all cells exposed to the external radiation field are irradiated by the
neutrons. Even though both normal cells and endothelial cells are exposed to ionizing
radiation, this approach ensures that the endothelial cells receive a much greater absorbed
dose than the normal cells. Therefore, one would expect the radiation effects from the
vasculature to dominate after selective vascular irradiation.
Selective vascular irradiation has been implemented in several studies of the CNS
to investigate the role endothelial cells play in the onset of radiation effects. Coderre et
al. (2006) examined whether the endothelial cells or glial progenitor cells should be
attributed as the target responsible for late white matter necrosis in the CNS. The glial
progenitor cell population was observed to remain at the same levels as the controls when
the vascular endothelial cells were selectively irradiated with a dose that would produce a
high incidence of radiation myelopathy. On the other hand, the glial progenitor cell
population decreased dramatically when the same dose was given uniformly to the CNS
via exposure to thermal neutrons. From this, Coderre et al. (2006) emphasized the
importance of the exposure of the vascular endothelium to ionizing radiation as a primary
event leading to white matter necrosis. Additionally, Otsuka et al. (2006) evaluated
whether the sensitivity of neural precursor cells is dominated by direct radiation effects or
is mediated through changes in the microvasculature. It was observed that there was less
of a loss in neural precursor cells after selective vascular irradiation compared to when
the CNS parenchyma was exposed uniformly to ionizing radiation, indicating that the
sensitivity of neural precursor cells is not due to changes in the microvasculature.
Furthermore, selective vascular irradiation has also been applied to studies outside of the
CNS. Schuller et al. (2006) explored the possible role of vascular endothelial cell
damage in the loss of intestinal crypt stem cells and the subsequent development of
gastrointestinal (GI) syndrome. Since the blood-brain barrier is characteristic only to the
CNS and not to other tissues including the intestine, 70-90 nm diameter liposomes were
used to introduce boron into the blood supply, which ensured that the boron would be
confined to the blood. No additional crypt stem cell loss was observed after selective
vascular irradiation relative to the uniform irradiation with a thermal neutron beam
despite a 2- to 3-fold increase in the calculated dose to the endothelial cells with the
selective vascular irradiation. Moreover, no deaths from GI syndrome were observed
when the endothelial cells were given a dose with the selective irradiation surpassing the
threshold dose for GI syndrome while the remaining cells received a dose less than the
threshold from the thermal neutron beam (Schuller et al. 2006).
Selective vascular irradiation has proven to be a useful tool and provides valuable
insight into the mechanisms leading to radiation effects in various biological systems,
particularly with respect to the role played by the vasculature. However, a criticism
raised of this technique is that there is no direct evidence that the endothelial cells receive
an absorbed dose from the selective vascular irradiation. Computational analysis is the
only means possible to estimate the absorbed dose given to the endothelial cells from the
selective vascular irradiation. Since the boron neutron capture reactions occur only
within the lumen of the blood vessel, a non equilibrium particle distribution that is
responsible for the absorbed dose is created in which the dose delivered to the endothelial
cells is less than the boron dose absorbed in the blood volume within the lumen (Schuller
et al. 2006). Therefore, assumptions are made about the vessel geometry and thickness
that influence the absorbed dose calculated to the endothelial cells.
1.2 Rationale for this Project
The objective of this work is to provide corroborating experimental evidence that
selective vascular irradiation physically damages the endothelial cells in the vasculature
by quantifying the effect and then comparing this damage to that caused by exposure to
x-rays. The latter objective can alternatively be described as evaluating the relative
biologic effectiveness (RBE) of the selective vascular irradiation. The CNS is the
biological system on which this work is focused because of its distinctive blood-brain
barrier, which provides a convenient capability to examine the damage to the vasculature
caused by ionizing radiation by measuring leakage of a dye from the blood out into the
brain. The blood-brain barrier is described in greater detail below.
1.2.1 Central Nervous System Blood-Brain Barrier
The vasculature in the brain is unique from the vasculature in the rest of the body
in that it forms a blood-brain barrier whose purpose is to keep toxic substances out of the
brain. The blood-brain barrier pertains specifically to the capillaries. Baker and Krochak
(1989) describe capillaries as consisting of a single layer of endothelial cells over a
basement membrane. They characterize the basement membranes as thin, extracellular
matrices that form a continuous sheet beneath the endothelial cells and act as a
semipermeable barrier preventing the passage of macromolecules (Baker and Krochak
1989). Constituting what makes the blood-brain barrier unique, the endothelial cells in
the brain capillaries have the following distinctions from endothelial cells in other tissues:
they have very few endocytotic vesicles, thereby limiting the amount oftranscellular flux
and they are coupled by tight junctions, severely restricting the amount of paracellular
flux (Rubin and Staddon 1999).
The junctions coupling the endothelial cells are comprised of both a tight junction
and an adherens junction. Figure 1.1 (taken from the 2001 publication by Gloor et al.)
illustrates the coupling of the endothelial cells with both of these junctions. The tight
junction is made up of several different proteins. Three peripheral membrane proteins-
zonula occludens (ZO)-1, (ZO)-2, and (ZO)-3-are proposed to link the transmembrane
proteins of the tight junction to the cytoskeleton of the endothelial cells (Gloor et al.
2001). They interact with the occludin (Furuse et al. 1994; Haskins et al. 1998) and
multiple claudins (Itoh et al. 1999), which are considered transmembrane proteins. Gloor
et al. suggest that extracellular portions of the occludin and claudins together form a
primary diffusion barrier (2001). The junctional adhesion molecule (JAM), an additional
transmembrane protein, also has been suggested to contribute to permeability control of
the tight junction (Martin-Padura et al. 1998). The adherens junction is comprised
primarily from two different proteins. The cadherins are transmembrane proteins
responsible for cell-cell adhesion. Three additional proteins-a-catenin, /f-catenin, and y-
catenin-serve to link the cadherins to the cytoskeleton of the endothelial cells and to
other signaling components (Rubin and Staddon 1999). Rubin and Staddon note that the
tight junction is very much dependent on the adherens junction during its formation and
also for its continued integrity (1999).
1.2.2 Radiation Damage to the Blood-Brain Barrier
One of the prominent radiation effects in the CNS is vascular damage, including
increased vascular permeability (Nordal and Wong 2005). Increased vascular
permeability is associated with disruption of the blood-brain barrier and is considered to
be an early effect. As a result, endothelial cells are a target cell population. Several
tight
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Figure 1-1: Tight junction and adherens junction connecting endothelial cells (Gloor et
al. 2001)
studies have reported a significant increase in vascular permeability due to blood-brain
barrier disruption after exposure to ionizing radiation as early as 18 hours and up to 13
days following the exposure. Dimitrievich et al. (1984) observed damage to the
microvasculature located in rabbit ears as early as 24 hours following exposure to
ionizing radiation. This included extravasation of red blood cells, which they postulated
was caused by capillary disruption. They also noted that the capillaries were significantly
more radiosensitive than the larger vessels. In addition, dose-dependent disruption of the
blood-spinal cord barrier was observed in adult rats 24 hours following exposure to x-
rays at the following doses: 2 Gy, 8 Gy, 22 Gy, 30 Gy, and 50 Gy (Li 2003). Siegal et
al. (1996) also observed a significant increase in spinal cord vascular permeability at 18
hours after rats received an absorbed dose of 15 Gy. Furthermore, Kaya et al. (2004)
observed a significant increase in the vascular permeability of the brain of adult rats at 13
days after the rats received an absorbed dose of 18 Gy.
1.2.3 Quantifying the Radiation Damage
To demonstrate that the selective irradiation approach using boron in the blood
stream produces direct damage to the vasculature, an established assay utilizing blood-
brain barrier disruption was adopted (Siegal et al. 1996). This assay is based on using a
dye that attaches to the plasma proteins in the blood and that is ordinarily kept out of the
brain by the blood-brain barrier. In general terms, the dye is injected into the blood
supply before the irradiation, and following irradiation, damage to the vasculature will
result in disruption of the blood-brain barrier that allows blood stained with the dye to
enter the brain. After sacrificing, the vasculature is cleared via a trans-cardiac perfusion
so that the blood remaining in the brain is that which leaked through the disrupted blood-
brain barrier and is stained blue. The brain is then homogenized with dimethylformamide
(DMF), and the mixture is centrifuged to create a solution for analysis. The absorbance
of the supernatant is measured with a spectrophotometer at the optimal wavelength of the
dye. The absorbance of the supernatant is related to the quantity of blood that leaked
through the blood-brain barrier, which is also related to the damage caused to the
vasculature from exposure to ionizing radiation. Leakage through the blood-brain barrier
following irradiation is first demonstrated. Then it is used to establish a dose response
relationship for the selective vascular irradiation and as the desired biological endpoint
for the determination of the RBE.
Chapter 2
Materials and Methods
2.1 Materials
The experiments conducted in this work used the mouse as the biological system
to study the damage caused by radiation to the vascular system in the brain by assessing
leakage of a dye carried in the blood stream into the brain. Female BALB/C mice, 8-12
weeks of age, and approximately 20 g in weight were chosen in order to maintain
consistency with the previous work conducted by Schuller et al. (2006). The mice came
from two different vendors: Taconic (Hudson, New York) and Jackson Laboratory (Bar
Harbor, Maine). Throughout the experiment, the mice were housed in a controlled
environment (12-hour light/dark cycle) in a Massachusetts Institute of Technology (MIT)
Division of Comparative Medicine facility and allowed free access to standard rodent
food and water. The experimental protocols for this work were reviewed and approved
by the MIT Committee on Animal Care.
Evan's Blue dye with a chemical formula of C34H24N6Na401 4S4 was an essential
material. The dye used in this work was manufactured by MP Biomedicals, Inc. (Solon,
Ohio). The dye, when injected into the blood stream, combines with serum albumin and
is used to determine blood volume colorimetrically. Being that serum albumin is one of
the plasma proteins found in blood (Silverthorn 2001), this allowed for the use of Evan's
blue dye to track and quantify the leakage of blood through the blood-brain barrier.
Evan's blue dye has been used previously to study damage to the blood-brain barrier,
particularly after insult by ionizing radiation (Li et al. 2003; Siegal et al. 1996; Kaya et al.
2004), cortical cryogenic injury (Ikeda et al. 1997), and from impairment in
apolipoprotein E knockout mice (Fullerton et al. 2001).
To achieve selective vascular irradiation requires the use of a boron-containing
compound that is present in the blood stream at the time of irradiation and a thermal
neutron beam. Two different boron-containing compounds were used: sulthydryl borane
(BSH) and liposomes. Liposomes were used to maintain consistency with the work
performed by Schuller et al. (2006); however, there was a limited supply of liposomes, so
the BSH was used initially to map out the dose response curve for the selective vascular
irradiation.
BSH, which has the chemical form Na2B12H 11SH, was developed in 1961 during
boron compound testing for boron neutron capture therapy (Coderre and Morris 1999;
Soloway et al. 1961). The BSH molecule is depicted in Figure 2-1. BSH does not cross
the blood-brain barrier under normal circumstances (Coderre and Morris 1999; Soloway
et al. 1967). Previous work has shown that BSH interacts with serum albumin in the
blood (Bauer et al. 1992); therefore, BSH should only be present in the brain in areas in
which blood is located, namely within the blood vessels. This characteristic of the BSH
is essential to selectively irradiate the vasculature in the brain. It allows for a much
higher dose to be given to the blood vessels and endothelial cells without exposing and
thus damaging the rest of the brain to the additional radiation from the boron neutron
capture reaction. The BSH used in this work was manufactured by New Concept
Therapeutics (Raleigh, North Carolina).
2 Na'
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Figure 2-1: Sulfhydryl Borane (BSH) Molecule
Liposomes, which are spherical nanoparticles with an exterior composed of a
phospholipid bilayer that leaves a hollow center with an aqueous core (Silverthorn 2001),
are currently being developed for use in boron neutron capture therapy as a means to
carry boron-containing compounds to tumor sites. The liposome formulation utilized for
this work consisted of a liposome with the nido-carborane ion species K+ [nido-7-
CH 3(CH 2)15-7,8-C 2B9H11 ]1 - (MAC) embedded in the lipid bilayer (Feakes et al. 1995) and
the water-soluble polyhedral borane ion derivative [B20H 17NH3]3- (TAC) incorporated
into the interior of the liposome (Feakes et al. 1994). This specific liposome formulation
is referred to as a MAC+TAC liposome (Watson-Clark et al. 1998). It is illustrated in
Figure 2-2. Just as with BSH, liposomes do not cross the intact blood-brain barrier.
Therefore, liposomes provide an additional means for successful selective vascular
irradiation for the same reasons as those previously mentioned for BSH. Similarly to the
work performed by Schuller et al. for selective vascular irradiation in the mouse small
intestine, the MAC+TAC liposomes used in this work were provided by M. F.
Hawthorne of the University of Missouri (Schuller et al. 2006). All boron-containing
compounds were enriched in the 10B isotope to >98%. Additionally, the MAC+TAC
liposomes had a mean vesicle diameter between 70 and 90 nm and contained 24 mg of
total lipid per milliliter.
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Figure 2-2: MAC+TAC Liposome
2.2 Mouse Irradiation
2.2.1 X-ray Irradiations
The mouse irradiations using x-rays were conducted with a Philips RT250 x-ray
machine at MIT. This machine can produce x-rays at several different spectra of energies
(75-250 kVp). The 250 kVp x-rays were selected to irradiate the mice for this work.
These x-rays did not have a discrete energy, but rather they consisted of a spectrum of x-
rays with the highest energy being 250 kVp. This spectrum was filtered with 0.4 mm tin
and 0.25 mm copper so as to remove the lower-energy x-rays. To produce these x-rays,
H(CH2)15CH3 !
o0 am
O=CBH!=B
the Philips RT250 unit operated at 250 kV and 12 mA. The configuration of the x-ray
machine was so that the x-rays were emitted downwards in a vertical beam. An
adjustable platform for situating the mice was placed in the field of the x-ray beam. The
dosimetry for the 250 kVp x-rays was determined by using a graphite-walled, 752-TGG
ion chamber set at +250 V. Charge was collected with a Keithly 617 programmable
electrometer. The exposure rate (R/min) was calculated by multiplying the ion chamber
calibration factor of 2.536*1010 R/C and the rate at which charge was collected (C/min).
A temperature correction and pressure correction were applied to this calculation. The
dose rate was then determined from Eq. (1):
cGy p R T + 2 73  29.92FC = 0.873)fAc •e tlissuer X T +273 29.92[in. Hg] (2-1)
min p air min 295 Pmeas
where D is the dose rate in the brain (cGy/min), P is the transient charged particle
equilibrium constant equal to 1.004, Ac is the effective displacement correction factor
equal to 0.99, Pen is the mass energy-absorption coefficient for tissue divided by
(., Pair
the mass energy-absorption coefficient for air which is approximately 1.10, X is the
exposure rate (R/min), T is the measured temperature (oC), and Peas is the measured
pressure (in. of Hg) (Rogus et al. 1994). The 250 kVp x-rays gave an absorbed dose at a
rate of 2.5 Gy/min when the platform was adjusted to a height of 11.25 inches from the
floor of the x-ray machine.
Before the mice were irradiated with x-rays, each mouse was anesthetized with an
intraperitioneal (i.p.) injection of a ketamine/xylamine mixture that delivered 80 mg/kg
ketamine and 10 mg/kg xylazine. This was approximately 0.08 mL for each injection.
Once the mice were under the influence of the anesthetic and their reflexes were
unresponsive, each mouse was taped down on a lead plate (5 mm thick) that served as a
shield. The lead plate has a rectangular aperture (13 x 2 cm). The mice were positioned
so that the top of the head (between the eyes and the ears) was visible through the
aperture and presented to the x-rays as shown in Figure 2-3. This allowed the brain to be
exposed to the x-rays while the rest of the mouse's body was shielded. The lead plate
was part of an irradiation box. The irradiation box, which was intended for use during
neutron irradiations, was made of 6Li-enriched polyethylene and contained the mice
during the irradiation. Once the mice were properly positioned and taped down to the
lead shield, the lead shield was affixed and fastened to the top of the irradiation box. The
irradiation box was then placed in the x-ray machine atop the adjustable platform. The
mice were exposed to the x-ray beam for as long as necessary to give the desired
absorbed dose to the brain. With the platform height set at 11.25 inches to ensure a dose
rate of 2.5 Gy/min, the duration of the irradiations lasted from eight minutes (20 Gy) to
20 minutes (50 Gy).
Figure 2-3: Configuration of Rats in Irradiation Box
2.2.2 Neutron Irradiations
The mouse irradiations using neutrons were performed with the thermal neutron
beam (M-011 beam) at the Massachusetts Institute of Technology Research Reactor
(MITR). The M-011 thermal beam is located beneath the core of the MITR as shown in
Figure 2-4. The thermal neutrons originate in the D20 reflector/moderator below the core
of the MITR. These neutrons reach thermal equilibrium with the moderator before they
enter the vertical beam line and have an energy spectrum optimal for irradiations of
targets up to approximately 3.5 cm deep in tissue (Harling et al. 2005). A borated
polyethylene shutter is located at the end of the M-011 thermal beam. A recess in this
shutter allows for the insertion of an irradiation box and accurately positions the box so
that it is in line with the beam when the shutter is opened (Harling et al. 2005).
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Figure 2-4: M-011 Thermal Beam at MITR
Previous dosimetry studies determined that the measured dose rates in brain
(2.2% nitrogen by weight), normalized to the reactor operating at a power of 5 MW, were
19.8 cGy/min for photons, 8.2 cGy/min for thermal neutrons from the nitrogen capture
reaction, and 4.0 cGy/min/pg o°B in tissues. These results were acquired with bare gold
foils and a graphite-walled ionization chamber (V = 0.1 cm3) flushed with reagent-grade
CO 2 and measured specifically for mice. Additionally, the M-011 thermal beam was
equipped with four fission counters, which each relayed its data to a programmable logic
controller (PLC). These PLCs served to log essential data and control shutter opening
and closing to ensure that neutron fluences (doses) are delivered to within 1% of target
(Harling et al. 2005).
Most of the mice (six out of seven groups) that were irradiated with neutrons
received injections of boron compounds beforehand. Prior to each injection, the mice
were briefly anesthetized with isofluorane. All injections were administered via the
retroorbital sinus at approximately 30 minutes before irradiation in the M-011 thermal
beam. Two groups of mice were injected with 0.2 mL of MAC+TAC liposome solutions.
The MAC+TAC liposome solutions were sterilized by passage through a 0.22-plm filter
before use and contained approximately 1780 pg o1 B/mL, respectively. Four groups of
mice were injected with 0.1 mL of BSH solutions of varying concentrations. The
concentrations used in this experiment included 10 mg BSH/mL, 25 mg BSH/mL,
50 mg BSH/mL, and 75 mg BSH/mL. BSH contains approximately 59% o1 B by weight.
Before irradiation in the M-011 thermal beam, all mice were anesthetized with an
i.p. injection of the ketamine cocktail. This consisted of the same mixture of ketamine
and xylazine used for the x-ray irradiations. Once the mice were under the influence of
the anesthetic and their reflexes were unresponsive, each mouse was taped down on a
6Li-enriched polyethylene plate (1.5 cm thick). This plate has a rectangular aperture
(13 x 2 cm). Just as with the x-ray irradiation, the mice were positioned so that the top of
the head (between the eyes and the ears) was visible through the aperture and presented
to the M-011 thermal beam. This allowed for the brain to be exposed to the
M-011 thermal beam while the rest of the mouse's body was shielded with the 6Li-
enriched polyethylene. The 6Li, which has a total cross section of 941.1 b for thermal
neutrons, absorbs the thermal neutrons from the M-011 thermal beam. The plate was part
of an irradiation box. The irradiation box was also made of 6Li-enriched polyethylene
and contained the mice during the irradiation. Once the mice were properly positioned
and taped down to the plate, the plate was affixed and fastened to the top of the
irradiation box. The irradiation box was then inserted into the borated polyethylene
shutter at the end of the M-011 thermal beam. All mice were exposed to the M-011
thermal beam for as long as necessary to give 8.5 Gy to the brain. This absorbed dose
was from the M-011 thermal beam only and did not include absorbed dose from the
boron neutron capture reaction. Depending on the operating power of the MITR that
varied between 4.2-4.8 MW, the M-011 thermal beam irradiation lasted approximately 32
minutes (31:40-32:47).
2.3 Blood-Brain Barrier Disruption Assay
The blood-brain barrier disruption assay was performed on all mice, whether they
were irradiated by x-rays, irradiated by the M-011 thermal beam, or were not irradiated at
all (negative controls). This assay was adapted from a procedure used to examine the
spinal cord vascular permeability in rats (Siegal et al. 1996).
Twenty-four hours after irradiation, all mice were injected with 0.2 mL of Evan's
Blue dye solution (2% dye in 0.9% NaCl). These injections were administered via the
retroorbital sinus while the mice were briefly anesthetized with isofluorane. Forty-eight
hours after irradiation (24 hours after the Evan's Blue dye injection), all mice were
sacrificed by administering an i.p. injection of a lethal dose of pentobarbital (0.2 mL,
50 mg/mL). Following the injection, the blood circulation was cleared by trans-cardiac
perfusion of approximately 100 mL 0.9% NaCl. The trans-cardiac perfusion was
accomplished by making a slight incision in the right atrium of the heart and inserting a
25-gauge needle connected to a bag of saline into the left ventricle of the heart. Once the
trans-cardiac perfusion was completed, the brain was extracted and immediately weighed
on a Metler precision balance. The brain was placed in a 1.5 mL microcentrifuge tube
and then homogenized in DMF (2:1 v/w) using an Ika Works, Inc. Ultra-Turrax T8
homogenizer for approximately 1-2 minutes. The DMF was manufactured by Burdick &
Jackson (Muskegon, MI). The DMF was labeled as a B&J Brand@ High Purity Solvent.
The brain homogenate was allowed to incubate for 24 hours in a 500 C water bath. At this
point, the brain homogenate was centrifuged for 15 minutes at 10,000 rpm to separate the
particulate brain matter from the DMF supernatant. The supernatant was then used as the
means to quantify the radiation damage to the vasculature in the brain. A sample of the
supernatant (0.5 mL) was taken to analyze its absorbance with a spectrophotometer at the
optimal wavelength for Evan's Blue dye in DMF (635 nm). For each measurement, a
sample of DMF (0.5 mL) was used as the standard. The spectrophotometer utilized for
all supernatant analyses consisted of a Spectrumlab 752s UV-visible spectrophotometer.
This spectrophotometer incorporated a diffraction grating C-T monochromator as its
optical system. It had a wavelength accuracy o f+2 nm.
2.4 Quantitative Analysis of Blood-Brain Barrier Disruption
2.4.1 Calibration Curve for Evan's Blue in Dimethylformamide
Measuring the absorbance of the supernatant quantifies the amount of Evan's
Blue dye in a sample, which is assumed to be proportional to radiation damage to the
vasculature. The measured absorbance was then converted into the molarity of Evan's
Blue dye in the supernatant. Therefore, a calibration curve for Evan's Blue dye in DMF
was constructed to relate the absorbance of the supernatant to its molarity with respect to
the Evan's Blue dye. This was accomplished by making a solution with a known mass of
Evan's Blue dye in a given volume of DMF. Thus, the molarity of this solution was
readily calculable. From this solution, a series of dilutions was made. For each dilution,
a 0.5 mL sample was taken and analyzed with the spectrophotometer to measure its
absorbance at 635 nm. The absorbance of each sample was plotted against its molarity.
A linear fit was applied to the data points to determine the relationship between the
absorbance and molarity of the supernatant.
2.4.2 Calculations
The desired final result for the experiment was the mass of Evan's Blue dye
present per unit mass of brain (gg Evan's Blue dye/g brain). This unit was considered the
most meaningful way to represent the Evan's Blue dye measurement of leakage through a
damaged blood-brain barrier. This quantity was derived from the molarity of the
supernatant with a few additional calculations. Using the molecular weight of the Evan's
Blue dye (M.W. = 960.82 g/mol), the units of molarity were converted to be expressed as
gIg Evan's Blue dye/mL DMF. This quantity was multiplied by the volume of DMF
added to the brain during the blood-brain barrier disruption assay and divided by the mass
of the brain to arrive at the final result. Equation (2) shows an example of this
calculation:
Leakage [• =M[• MW *L ** V[mL]* (2-2)
g L mol 10' mL 1 g mbrain [g]
where Leakage is the final result expressed in the units (jtg Evan's Blue dye/g brain), M
is the molarity of the supernatant, MW is the molecular weight of Evan's Blue dye, V is
the volume of DMF added to the brain, and mbrain is the mass of the brain.
2.5 Boron Analysis
2.5.1 Boron Biodistribution
The absorbed dose resulting from the selective vascular irradiation is dependent
on the amount of 10B, present in the blood at the time of irradiation. To determine the
concentration of l'B in the blood at the proposed irradiation time of 30 minutes post-
injection, a boron biodistribution study was conducted. To begin with, 15 mice were
injected with either BSH or liposomes in the same quantities as was given during the
neutron irradiations (0.1 mL for BSH and 0.2 mL for liposomes). These injections were
administered via the retroorbital sinus and shortly after the mice had been briefly
anesthetized with isofluorane. Thirty minutes following the injections, the mice were
sacrificed by inhalation overdose of isofluorane and approximately 0.3-0.5 mL of blood
was drawn from the heart. The blood samples were then analyzed using prompt gamma-
ray neutron activation analysis (PGNAA). All samples were measured at the PGNAA
facility located at the MITR. The PGNAA facility is shown in Figure 2-5.
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Figure 2-5: PGNAA Facility at MITR
PGNAA is a nondestructive technique used to detect various nuclides present in
materials by irradiating the materials with neutrons and then detecting the prompt gamma
rays emitted from the resulting radionuclides, or activated nuclides, in those materials.
The PGNAA facility utilizes diffracted thermal neutrons from the MITR to irradiate the
samples and a high-purity germanium detector to detect the gamma rays emitted from the
samples (Riley and Harling 1998). For the blood samples used in this experiment,
PGNAA detected the prompt gamma ray emitted by the recoiling 7Li nucleus after
neutron capture in 10B (0.478 keV) and the prompt gamma ray emitted from the neutron
interaction with hydrogen (2.2 MeV). The PGNAA system was calibrated by using boric
acid certified by the National Institute of Standards and Technology and has a detection
limit of -1 pg 10B (Riley and Harling 1998). The number of prompt gamma rays
detected from the blood sample was used to determine the number of 1'B and hydrogen
atoms, respectively. The ratio of boron atoms to hydrogen atoms relates to the
concentration of ' 0B in the sample, giving the desired result of the biodistribution study.
2.5.2 Absorbed Dose from Selective Vascular Irradiation
The absorbed dose to the endothelial cells from selective vascular irradiation is
dependent on the concentration of 10B as determined by the boron biodistribution and the
thermal neutron flux from the MITR. Because the boron neutron capture reactions all
occur within the lumen of the vessel, this creates a nonuniform dose distribution in which
the absorbed dose to the endothelial cells is less than the absorbed dose to the blood
within the lumen (Schuller et al. 2006). Therefore, this must be accounted for in the
calculation of the absorbed dose to the endothelial cells. Rydin et al. (1976) analyzed this
effect and determined that the absorbed dose to the blood vessel strictly from the boron
neutron capture reaction is one-fifth to one-third of the absorbed dose to the blood strictly
from the boron neutron capture reaction. A vessel geometry factor of one-third was used
in calculations for this work as it is representative of the capillaries in mice. The
calculation for the absorbed dose to the endothelial cells from selective vascular
irradiation is given in Eq. (3):
DSvl = trr + Dnherma brain irr +°3 BconcDboron irr (2-3)
where Dsv1 is the absorbed dose to the endothelial cells from selective vascular
irradiation, Dr is the dose rate from photons in the M-011 thermal beam equal to 19.8 ±
1.0 cGy/min, Dn,thermalbrain is the dose rate from thermal neutrons in the M-011 thermal
beam to the brain tissue equal to 8.2 ± 0.4 cGy/min, Dboro, is the dose rate from the boron
neutron capture reaction equal to 4.0 + 0.2 cGy/min/gg 'lB, 'OBo,ncis the concentration of
'OB in the blood (gg/g), t,,, is the irradiation time in the M-011 thermal beam for a reactor
operating power of 5MW equal to 30.49 min, and 1/3 represents the vessel geometry
factor. The irradiation time in the M-011 thermal beam does not equal the actual time
each mouse was exposed to the beam since the given dose rates are normalized to a
reactor operating power of 5 MW. Therefore, the irradiation time was determined by Eq.
(4):
t = Dy +D n,thernal miscle (2-4)l OGy
where Dnthermalmtucle is the dose rate from thermal neutrons in the M-011 thermal beam to
the muscle tissue equal to 13.0 ± 0.6 cGy/min and 10 Gy represents the absorbed dose to
the muscle tissue given during all mouse irradiations with the M-011 thermal beam.
Equation (4) allows for the absorbed dose to the endothelial cells from selective vascular
irradiation to be accurately calculated without having to account for the variance in
reactor operating power.
2.6 Statistical Analysis
All results are recorded as means ± standard deviation, except as noted where the
data point consisted of only one measurement or experiment. The t-test was applied to
the data points, particularly those comprising the dose response curves for x-rays and
selective vascular irradiation, to confirm a significant difference.
Chapter 3
Results
3.1 Calibration Curve for Evan's Blue Dye in Dimethylformamide
To determine the relationship between the absorbance of Evan's Blue dye in DMF
(measured at 635 nm) and its molarity, a calibration curve was constructed by measuring
various samples of different Evan's Blue dye molarities. It is shown in Figure 3-1.
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Figure 3-1. Calibration Curve for Evan's Blue Dye in DMF. Abscissa is molarity of
Evan's Blue dye in DMF [M] and ordinate is absorbance of Evan's Blue dye. Data
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The calibration curve was based on a single reading of the absorbance for each
sample; therefore, no error bars were presented on the calibration curve. As expected, the
absorbance of Evan's Blue dye in DMF is linearly proportional to the molarity of Evan's
Blue dye in DMF. By applying a fit to the data, this relationship was characterized by the
following linear equation: Abs. = 73096*[M].
3.2 Verification of Trans-cardiac Perfusion Technique
Before any irradiation experiments were conducted, verification was needed to
ensure that the trans-cardiac perfusion technique could be effectively performed during
the blood-brain barrier disruption assay. This was accomplished by conducting the
blood-brain barrier disruption assay on two groups of mice: one group of six mice on
which the trans-cardiac perfusion technique had been performed and one group of three
mice on which it had not. Neither group was exposed to radiation. Both groups received
Evan's Blue dye 24 hours prior to sacrifice. The difference between these two groups of
mice was that the vascular system in the brain of one group remained full of blood
whereas the blood in the vascular system in the brain of the other group had been
replaced by saline. An average measurement of 10.8 ± 1.1 Alg Evan's Blue dye/g brain
was observed for the group of mice that had been perfused, whereas an average
measurement of 34.2 ± 3.0 glg Evan's Blue dye/g brain was observed for the group of
mice that had not been perfused. The average measurement for the group of mice that
had not been perfused is only representative of two mice. The other mouse in the group
was an outlier and had a measurement of 69.2 jlg Evan's Blue dye/g brain. It is not clear
why this measurement was so much different than the other two. These average
measurements showed an approximately 70% decrease in the amount of blood detected in
the brain per unit mass of brain for the group of mice that had undergone trans-cardiac
perfusion. This decrease was expected; however, the magnitude of the decrease was
uncertain. This led to the conclusion that the trans-cardiac perfusion technique had been
effectively performed during the blood-brain barrier disruption assay. It should be noted
that these measurements are not of the same magnitude as the measurements observed for
later experiments due to a different calibration curve used for analysis, different cuvettes
used for measurement (the ones for this experiment required dilution of the sample of
supernatant), and some inexperience with the trans-cardiac perfusion technique and
blood-brain barrier disruption assay (these were the first mice on which this technique
and assay had been performed).
3.3 Time Point Study for Blood-Brain Barrier Disruption
The initial irradiation experiments consisted of a time point study to optimize the
time after irradiation when leakage through the blood-brain barrier was the greatest to
improve the sensitivity of the assay. Ten mice were exposed to x-rays giving an absorbed
dose of 35 Gy to the brain. Pairs of mice were sacrificed at the following time points
after irradiation: 24 hours, 48 hours, 96 hours (four days), and 168 hours (seven days).
The last two mice were to be sacrificed at 288 hours (12 days) after irradiation; however,
their health deteriorated significantly on the eighth day after irradiation and they were
sacrificed at that time without the blood-brain barrier disruption assay being carried out.
The results of the time point study, including two mice that served as negative controls
and were not exposed to x-rays, are depicted in Figure 3-2. The greatest leakage through
the blood-brain barrier after irradiation was observed at 48 hours. Work conducted by Li
analyzed the disruption of the blood-spinal cord barrier in adult rats due to ionizing
radiation at 24 hours (Li 2003); however, results from this time point study at 24 hours
did not differ significantly from the negative controls. Therefore, 48 hours was selected
as the optimum time to analyze the disruption to the blood-brain barrier following
exposure to ionizing radiation.
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Figure 3-2. Time Point Study for Blood-Brain Barrier Disruption. Abscissa is hours
after irradiation with 35 Gy of x-rays at which point the mice were sacrificed and
ordinate is measured leakage through the blood-brain barrier. Data points are from one
measurement.
3.4 Boron Biodistribution
The boron biodistribution study provided the concentration of '0B in the blood at
30 minutes following the injection of either BSH or liposomes. The results are listed in
Table 3.1. These 0oB concentrations allowed the direct comparison of the effects from
the selective irradiation of the vascular system with BSH and with liposomes. The mice
used in the boron biodistribution study were older than the mice used in the irradiation
experiments. Therefore, the measured lOB concentrations were normalized to 20 g, which
was the approximate weight of the mice used in the irradiation experiments. The
normalized '0B concentrations are presented in Table 3.1. Also, the batch of liposomes
from April 2007 was not included in the boron biodistribution study. The '0B
concentration for these liposomes was calculated to contain approximately 90 ppm 1oB
based upon previous biodistribution studies (Schuller et al. 2006).
Table 3.1-Boron Biodistribution
Number '0B Cone.
Injection of Mice Volume in Blood
[mL] [ppm]
75 mg BSH/mL 2 0.1 142 + 19.4
50 mg BSH/mL 5 0.1 106 ± 17.7
25 mg BSH/mL 3 0.1 51.1 + 7.7
10 mg BSH/mL 3 0.1 22.3 + 1.0
MAC+TAC Liposomes (4/2007)* 0 0.2 90
MAC+TAC Liposomes (6/2007) 2 0.2 161 + 5.9
*The 'lB concentration for the MAC+TAC liposomes from 4/2007 was
calculated to contain approximately 90 ppm 10B.
The l0B concentrations were essential for determining the absorbed dose to the
endothelial cells from the selective vascular irradiation. The o°B concentrations were
used with Eq. (2-3) as previously described in Chapter 2. The absorbed doses to the
endothelial cells from the selective vascular irradiations are listed in Table 3.2.
Table 3.2-Absorbed Dose from Selective Vascular Irradiation
10B Cone. Absorbed
Injection Volume in Blood Dose
[mL] [ppm] [Gy]
75 mg BSH/mL 0.1 142 + 19.4 66
50 mg BSH/mL 0.1 106 ± 17.7 52
25 mg BSH/mL 0.1 51.1 + 7.7 29
10 mg BSH/mL 0.1 22.3 ± 1.0 17
MAC+TAC Liposomes (4/2007) 0.2 90* 45
MAC+TAC Liposomes (6/2007) 0.2 161 + 5.9 74
*The 'OB concentration for the MAC+TAC liposomes from 4/2007 was
calculated to contain approximately 90 ppm '"B.
3.5 Dose Response Curve for X-ray Irradiations
The mice in the x-ray experiments were divided into subgroups by the amount of
absorbed dose each received to the brain, including a subgroup for the negative controls.
The mice serving as negative controls did not receive any exposure to radiation, either
from x-rays, the M-011 thermal beam, or via the boron neutron capture reaction. They
were administered Evan's Blue dye in the same quantity as the other mice and the same
blood-brain barrier disruption assay was performed on them as well. Table 3.3 shows the
number of mice included for each x-ray experiment dose cohort.
Table 3.3--X-ray Experiments
Absorbed Dose Quantity of Mice
Negative Controls 6
20 Gy 8
35 Gy 6
50 Gy 4
The dose response curve for x-ray irradiations is illustrated in Figure 3-3. The
leakage detected through the blood-brain barrier for each x-ray data point proved to be
significantly higher than the leakage detected through the blood-brain barrier for the
negative controls. P values versus the negative controls are shown on Figure 3-3.
However, there was not a significant difference in the leakage detected through the
blood-brain barrier between the individual dose points themselves because of the
magnitude of the uncertainties. The measured leakage through the blood-brain barrier
appeared to increase with the absorbed dose delivered to the endothelial cells. By
applying a linear fit, this relationship was characterized by the following equation:
Leakage = 0.0216*Dose + 3.1319.
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Figure 3-3. Dose Response Curve for X-ray Irradiations. Abscissa is absorbed dose to
the endothelial cells from x-rays and ordinate is measured leakage through the blood-
brain barrier. Data points are the means of independent experiments (number of
experiments is listed in Table 3.3) + standard deviation and fit the curve:
Leakage = 0.0216*Dose + 3.1319.
3.6 Dose Response Curve for Selective Irradiation of Vascular System in Brain
The mice used in the M-011 thermal beam experiments were divided into
subgroups by the concentrations of BSH and batches of MAC+TAC liposomes
administered to each mouse, including a subgroup that was not injected with either BSH
or MAC+TAC liposomes. All mice received a beam dose of 8.5 Gy with varying
concentrations of boron. Table 3.4 shows the total number of mice included in each
cohort. The response of the assay to the selective irradiation of the vascular system as a
function of '0B concentration is illustrated in Figure 3-4, and the dose response curve for
selective irradiation of the vascular system as a function of absorbed dose to the blood
vessels is illustrated in Figure 3-5.
Table 3.4-M-011 Thermal Beam Experiments
Different Boron Dose Cohorts Quantity of Mice
M-011 Thermal Beam (8.5 Gy) 6
M-011 Thermal Beam (8.5 Gy)
+ 10 mg/mL BSH (0.1 mL) 2
M-011 Thermal Beam (8.5 Gy)
+ 25 mg/mL BSH (0.1 mL) 2
M-011 Thermal Beam (8.5 Gy)
+ 50 mg/mL BSH (0.1 mL) 8
M-011 Thermal Beam (8.5 Gy)
+ 75 mg/mL BSH (0.1 mL) 3
M-011 Thermal Beam (8.5 Gy)
+ (MAC+TAC) Liposomes (0.2 mL, 4/2007) 2
M-011 Thermal Beam (8.5 Gy)
+ (MAC+TAC) Liposomes (0.2 mL, 6/2007) 4
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Figure 3-4. Dose Response Curve for Selective Irradiation of Vascular System (as a
function of l°B concentration). Abscissa is 10B concentration in the blood and ordinate
is measured leakage through the blood-brain barrier. Data points are the means of
independent experiments (number of experiments is listed in Table 3.4) ± standard
deviation and fit the curve: Leakage = 0.0073*'OB Conc. + 3.034.
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Figure 3-5. Dose Response Curve for Selective Irradiation of Vascular System (as a
function of absorbed dose to blood vessels). Abscissa is absorbed dose to the
endothelial cells from selective vascular irradiation and ordinate is measured leakage
through the blood-brain barrier. Data points are the means of independent experiments
(number of experiments is listed in Table 3.4) + standard deviation and fit the curve:
Leakage = 0.0179*Dose + 2.8812.
The leakage detected through the blood-brain barrier for several selective
irradiation experiments proved to be significantly higher than the leakage detected
through the blood-brain barrier for the subgroup that received an absorbed dose from
only the M-011 thermal beam. The P values versus the M-011 thermal beam only
subgroup are shown on Figure 3-4 and Figure 3-5. The statistically-significant
experiments include the following: M-011 Thermal Beam + 25 mg/mL BSH, M-011
Thermal Beam + 75 mg/mL BSH, and M-011 Thermal Beam + (MAC + TAC)
Liposomes (6/2007). The statistical significance was analyzed using the t-test. It should
be noted that the subgroup that received an absorbed dose from only the M-011 thermal
beam was not significantly different than the negative controls. It had a measured
p<0.14
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leakage through the blood-brain barrier of 3.05 ± 0.38 gig Evan's Blue dye/g brain
compared to 3.01 + 0.38 jtg Evan's Blue dye/g brain for the negative controls.
The dose-response curve remained the same when it was expressed as a function
of either the 1oB concentration in the blood or the absorbed dose received by the blood
vessels. The absorbed doses in Figure 3-5 were calculated using Eq. (2-3) and a vessel
geometry factor equal to one-third. For each case, the leakage through the blood-brain
barrier appeared to increase as either the o°B concentration in the blood or the absorbed
dose received by the blood vessels increased as well. By applying a linear fit to the data
points in Figure 3-4, the relationship between the o1 B concentration and measured
leakage through the blood-brain barrier was characterized by the following equation:
Leakage = 0.0073*'1B Conc. + 3.034. By applying a linear fit to the data points in Figure
3-5, the relationship between the absorbed dose to the endothelial cells from selective
vascular irradiation and the measured leakage through the blood-brain barrier was
characterized by the following equation: Leakage = 0.0179*Dose + 2.8812.
Chapter 4
Discussion
4.1 Dose Response for Selective Vascular Irradiation
The direct relationship between the leakage through the blood-brain barrier and
the o1 B concentration in the blood is indicative of the effects of selective vascular
irradiation. A beam dose of 8.5 Gy does not produce any significant damage measured
with the assay. The presence of 10B, however, led to an observable response that varied
with concentration. The only difference between the various subgroups was the amount
of 10B present in the blood since the beam dose was held constant. As the concentration
of '0B in the blood increases, the probability of thermal neutrons interacting with the
boron increases with the number of boron neutron capture reactions also increasing. The
most significant increase in the leakage through the blood-brain barrier was observed at
the highest loB concentrations in the blood irrespective of the boron compound (i.e. BSH
or liposomes). This increased leakage through the blood-brain barrier provides
corroborating evidence that selective vascular irradiation physically damages the
vasculature and targets the endothelial cells as postulated.
Only an approximate relationship between the leakage through the blood-brain
barrier and the '0B concentration in the blood can be ascertained due to the relatively
large uncertainties for each data point. The blood-brain barrier disruption assay is not
sensitive enough to detect significant differences at the lower loB concentrations or the
smaller absorbed doses for x-rays. The reason for this is believed to be the consequence
of too little blood leaking through the blood-brain barrier to detect significant differences
for these particular subgroups of mice. Capillaries are the most radiosensitive blood
vessels during the 1-5 day timepoint, yet they contain less than 25% of the total blood
volume of the microvasculature (Dimitrievich 1984). Therefore, small changes in the
leakage through the blood-brain barrier are difficult to detect given the large
uncertainties.
4.2 Relative Biologic Effectiveness of Selective Vascular Irradiation
The RBE is a means to analyze the effectiveness of different types of ionizing
radiation to induce a given level of damage or reach a determined endpoint. More
specifically, the RBE of a given type of ionizing radiation (r) compared with x-rays is
defined by the ratio D250/Dr, where D250 and Dr are, respectively, the doses of x-rays and
the given type of ionizing radiation required for equal biological effect (Hall 2000).
When evaluating an RBE for a given type of ionizing radiation, it is standard to compare
the given type of ionizing radiation to 250 kVp x-rays. The RBE is influenced by several
factors, including radiation quality, radiation dose, number of dose fractions, dose rate,
and biological system or endpoint.
Leakage through the blood-brain barrier served as the desired biological endpoint
to evaluate the RBE of the selective vascular irradiation. Using the dose response
relationships determined for both x-rays and selective vascular irradiation, the absorbed
doses to the blood vessels were calculated for a given quantity of leakage through the
blood-brain barrier. The RBE was determined by taking the ratio of the calculated
absorbed doses, as previously described. Table 4.1 lists the RBE for selective vascular
irradiation at various quantities of leakage through the blood-brain barrier in addition to
the corresponding absorbed doses to the blood vessels.
Table 4.1-RBE for Selective Vascular Irradiation
Absorbed
'
0B Dose from
Leakage Cone.' Vessel Absorbed Dose X-rays 5  RBE6
Geometry2  Geometry3  Geometry4
Factor = 1 Factor = 1/3 Factor = 1/5
[gg Evan's
Blue dye/g
brain] [ppm] [Gy] [Gy] [Gy] [Gy]
3.50 64 86 35 24 17 0.49
3.75 98 128 49 33 29 0.59
4.00 132 169 63 41 40 0.64
4.25 167 211 76 49 52 0.68
4.50 201 253 90 58 63 0.70
1. The 'oB concentrations are calculated at the given leakages using the linear fit from
Figure 3-4: Leakage = 0.0073* 1oB Cone. + 3.034 (R2 = 0.6664).
2. The absorbed doses from selective vascular irradiation (vessel geometry factor = 1)
are calculated at the given leakages from the interpolated relationship: Leakage =
0.006*Absorbed Dose + 2.9831 (R2 = 0.6664). These absorbed doses correspond to
the total absorbed dose to the blood.
3. The absorbed doses from selective vascular irradiation (vessel geometry factor = 1/3)
are calculated at the given leakages using the linear fit from Figure 3-5: Leakage =
0.0179*Absorbed Dose + 2.8812 (W2 = 0.6664).
4. The absorbed doses from selective vascular irradiation (vessel geometry factor = 1/5)
are calculated at the given leakages from the interpolated relationship: Leakage =
0.0298*Absorbed Dose + 2.7793 (R2 = 0.6664).
5. The absorbed doses from x-rays are calculated at the given leakages using the linear
fit from Figure 3-3: Leakage = 0.0216*Dose + 3.1319 (R2 = 0.7729).
6. The RBE is calculated by taking the ratio of the absorbed dose from x-rays to the
absorbed dose from selective vascular irradiation (vessel geometry factor = 1/3). The
values listed have at least an uncertainty of approximately 20% since this was the
approximate uncertainty of the data from which the trend lines were fit and was
propagated through the calculations.
This attempt to reliably evaluate the RBE of the selective vascular irradiation is
difficult. At first glance, a value of less than one for the RBE is difficult to interpret
given the expected high density radiation. However, the compound biological
effectiveness (CBE) factor for BSH in the rat spinal cord is reported as 0.60 + 0.04
(Coderre and Morris 1999). The CBE is less than one because the BSH is not distributed
homogeneously in the spinal cord. Therefore, it is not necessarily inconsistent to have a
RBE less than one. Another way to examine the effect of the absorbed dose from 10B is
to compare the change in absorbed dose between two amounts of leakage through the
blood-brain barrier for both the selective vascular irradiation and x-rays. To go from 3.5
pg Evan's Blue dye/g brain to 4.5 pg Evan's Blue dye/g brain is produced by an
absorbed dose of 167 Gy for the selective vascular irradiation (vessel geometry factor =
1) and 46 Gy for x-rays. The ratio of the change in absorbed dose for x-rays to the
change in absorbed dose for selective vascular irradiation is approximately 0.28. This is
consistent with to the published value of the CBE for BSH in the rat spinal cord, which is
0.60 + 0.04 (Coderre and Morris 1999). Therefore, this result suggests that the absorbed
doses to the endothelial cells as calculated assuming a vessel geometry factor of one-third
are reasonable and approximate to what the endothelial cells receive from the selective
vascular irradiation.
4.3 Difficulties with Experiments
The experiments were not carried out without encountering several difficulties.
To begin with, the trans-cardiac perfusion was a delicate technique to effectively
perform. Close attention was required when inserting the needle into the left ventricle.
The blood in the left ventricle was directed to the aorta out to the body and the blood in
the right ventricle was directed to the pulmonary arteries out to the lungs before returning
through the pulmonary veins to the left atrium and ventricle; therefore, it was imperative
for the needle to be inserted into the left ventricle so that as much saline as possible
would be directed out to the body for an effective perfusion of the blood. While the right
atrium was clearly visible because of its darker color, it was difficult to distinguish the
left ventricle and right ventricle from each other without previous knowledge of the heart
anatomy. Additionally, it was easy to over-insert the needle into the left ventricle without
much effort because of the small size of the mouse heart. When this happened, it was
possible to puncture the needle into the right ventricle, and this did occur on a few
occasions. Insertion of the needle into the right ventricle became evident as the lungs
would begin to expand with saline and eventually saline would exit through mouth and
nose of the mouse. This undesired situation could be corrected by removing the needle
and re-inserting it into the left ventricle. To gain satisfactory proficiency, the trans-
cardiac perfusion was practiced on several mice before beginning the irradiation
experiments.
Difficulty ensued after the initial irradiation experiments to detect a difference in
the leakage through the blood-brain barrier between the irradiated mice and the negative
controls. Since these first experiments were performed to establish a working protocol
and not to collect data, older mice on the age of roughly five months were used. The age
of these mice was believed to be the reason for not detecting a difference in the leakage
through the blood-brain barrier. It was reported by Siegal et al. (1996) that the vascular
permeability was approximately 50% lower in 6-month-old untreated rats compared to
younger rats on the age of 2-3 months. This prompted the use of younger mice on the
age of 8-12 weeks for all further experiments. After making this adjustment, an increase
in the leakage through the blood-brain barrier was detectable.
The mice reacted adversely to the chemical toxicity of BSH when it was
administered in quantities greater than 5 mg (i.e. injection (0.1 mL) of 50 mg BSH/mL
solution). Two mice died immediately following an injection (0.2 mL) of 100 mg
BSH/mL solution, and two other mice died sometime before 48 hours following
injections (both 0.1 mL) of 100 mg BSH/mL solution and 75 mg BSH/mL solution.
When BSH is exposed to air, it is known to oxidize and form the disulfide dimer (BSSB),
which increases the chemical toxicity (Horn et al. 1997). The problem with the chemical
toxicity of BSH was slightly alleviated by making a fresh batch of solution before each
injection. This limited the exposure of the solution to air before its use. The chemical
toxicity of BSH limited the quantity that could be administered to each mouse and
thereby, the amount of '0B present in the blood during irradiation. For a fixed neutron
beam dose this then limited the absorbed dose that could be given to the blood vessels,
which in turn limited the damage caused by the selective vascular irradiation and the
resulting leakage through the blood-brain barrier. Consequently, when the effect of
chemical toxicity of BSH was coupled with the background Evan's Blue dye detected in
the negative controls, only a small range existed over which to observe the dose response
to selective vascular irradiation.
A large variance was apparent for nearly all of the data points for both the x-ray
experiments and the M-011 thermal beam experiments, especially considering the small
range of data points. This can be partly attributed to biological variations in the mice.
Also, there were points during the course of the experiment in which uncertainty could
have been introduced. For example, if the BSH biodistribution, particularly the amount
of loB in the blood, differed from what was expected for a given BSH solution due to
either biological variation or a bad injection, then this would have reduced the amount of
damage caused by selective vascular irradiation and the resulting leakage through the
blood-brain barrier. In addition, if the trans-cardiac perfusion was not effective in
clearing all of the blood from the vasculature in the brain, then this residue would have
affected the amount of Evan's Blue dye present in the brain. This would have led to a
higher reading for the absorbance of the supernatant, indicating more leakage through the
blood-brain barrier than what occurred from damage caused by selective vascular
irradiation. The uncertainty resulting from these examples would have been carried out
and propagated through the remaining portion of the experiment affecting the final result.
Chapter 5
Conclusions
The initial objective set out for this work has been accomplished. First of all,
published methods for the blood-brain barrier disruption assay have been successfully
implemented to test directly that the concentration of boron in the blood leads to selective
irradiation of the vasculature in a thermal neutron beam. By mastering the technique for
trans-cardiac perfusion and with use of the existing facilities at Massachusetts Institute of
Technology, the adapted protocol enabled the detection of the leakage through the blood-
brain barrier for mice exposed to ionizing radiation. A dose response relationship was
apparent particularly for those receiving larger absorbed doses from x-rays and higher 'OB
concentrations.
The increased leakage through the blood-brain barrier clearly indicates that the
selective vascular irradiation physically damages the blood vessels located in the CNS as
no other pathway exists for the dye to cross the blood-brain barrier. This is an important
result as it provides corroborating experimental data supporting recent studies using
selective vascular irradiation, such as those previously mentioned including Coderre et al.
(2006), Otsuka et al. (2006), Schuller et al. (2006), and Schuller et al. (2007). For
example, now there should be little remaining doubt that the vasculature, whether in the
CNS or in the intestinal system, received an absorbed dose and was physically damaged
from the selective vascular irradiation. In the work performed by Coderre et al. (2006),
one can now be assured that the glial progenitor cell population remained at the same
levels as the controls after the selective vascular irradiation because it was not affected by
the absorbed dose received solely by the vasculature, rather than questioning whether or
not the vasculature received any additional absorbed dose from this technique.
Moreover, this result provides confidence in future studies using selective vascular
irradiation, especially for those examining the mechanisms of radiation effects in the
CNS.
While it is clear that selective vascular irradiation produces damage to the blood
vessels, only rough estimates have been evaluated for the RBE using the adapted protocol
and the blood-brain barrier disruption assay. Even though the uncertainty from the vessel
geometry factor cannot be readily diminished, improvements should be explored that can
help to reduce the uncertainty in the dose response relationships for both x-rays and
selective vascular irradiations. By reducing the uncertainty for each data point, this
would greatly assist in detecting significant differences in the subgroups receiving
smaller absorbed doses from x-rays and lower o1 B concentrations for selective vascular
irradiation. Additionally, this would aid in better determining the dose response
relationship for both x-rays and selective vascular irradiation, which in turn would allow
for a more approximate evaluation of the RBE for selective vascular irradiation. Much
attention was given to minimize introduction of uncertainty throughout all parts of each
experiment. It is possible that the uncertainty observed in the results is inherent with the
particular blood-brain barrier disruption assay utilized for this work.
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